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We experimentally simulate non-unitary quantum dynamics using a single-photon interferometric
network and study the information flow between a parity-time (PT )-symmetric non-Hermitian sys-
tem and its environment. We observe oscillations of quantum-state distinguishability and complete
information retrieval in the PT -symmetry-unbroken regime. We then characterize in detail critical
phenomena of the information flow near the exceptional point separating the PT -unbroken and -
broken regimes, and demonstrate power-law behavior in key quantities such as the distinguishability
and the recurrence time. We also reveal how the critical phenomena are affected by symmetry and
initial conditions. Finally, introducing an ancilla as an environment and probing quantum entangle-
ment between the system and the environment, we confirm that the observed information retrieval is
induced by a finite-dimensional entanglement partner in the environment. Our work constitutes the
first experimental characterization of critical phenomena in PT -symmetric non-unitary quantum
dynamics.
Parity-time (PT )-symmetric non-Hermitian systems
feature unconventional properties in synthetic systems
ranging from classical optical systems [1–11] and mi-
crowave cavities [12–14] to quantum gases [15] and sin-
gle photons [16, 17]. In these systems, the spectrum is
entirely real in the PT -symmetry-unbroken regime, in
contrast to the regime with spontaneously broken PT
symmetry [18–20]. As a result, the dynamics is dras-
tically different in the PT -symmetry-unbroken and -
broken regimes, and dynamical criticality occurs at the
boundary between the two regimes [21, 22]. In previ-
ous experiments, such unconventional dynamical prop-
erties as well as signatures of the PT -transition point,
or the exceptional point, were observed in classical PT -
symmetric systems with balanced gain and loss [4, 8–
11, 23]. Whereas quantum systems with passive PT sym-
metry were realized recently [15, 16], critical phenomena
in PT -symmetric quantum dynamics are yet to be ex-
perimentally explored. Understanding these critical phe-
nomena in the quantum regime provides an important
perspective for the study of open quantum systems and
is useful for applications in quantum information.
A paradigmatic example of PT -symmetric non-unitary
dynamics in the context of open quantum systems
is the reversible-irreversible criticality in the informa-
tion flow between a system and its environment [24].
Herein, information lost to the environment can be
fully retrieved when the system is in the PT -symmetry-
unbroken regime because of the existence of a finite-
dimensional entanglement partner in the environment
protected by PT symmetry. In contrast, the information
flow is irreversible when the system spontaneously breaks
PT symmetry. Close to the exceptional point, physi-
cal quantities such as distinguishability between time-
evolved states and the recurrence time of the distin-
guishability exhibit power-law behavior.
In this work, we simulate PT -symmetric non-unitary
quantum dynamics using a single-photon interferometric
network, and experimentally investigate the critical phe-
nomena in the information flow close to the exceptional
point. To extract critical phenomena from non-unitary
dynamics, a faithful characterization of the long-time dy-
namics is necessary. This poses a serious experimen-
tal challenge, because maintaining and probing coherent
dynamics in the long-time regime is difficult. We over-
come this difficulty by directly implementing non-unitary
time-evolution operators at any given time, and simulate
the non-unitary quantum dynamics by performing non-
unitary gate operations on the initial state. We then
perform quantum-state tomography on the time-evolved
state, which enables us to confirm the critical power-law
scaling in various physical quantities. Since our experi-
mental protocol is general enough to implement a broad
class of non-unitary operators, we are able to examine
in detail the role of symmetry and initial states on non-
unitary quantum dynamics driven by a series of related
non-Hermitian Hamiltonians. Furthermore, introducing
ancillary degrees of freedom as the environment, we ex-
plicitly demonstrate oscillations in the quantum entan-
glement between the system and the environment in the
unitary dynamics of the combined system-environment
quantum system. This demonstrates the existence of a
finite-dimensional entanglement partner in the environ-
ment, which is responsible for the information retrieval.
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2Our work is the first experiment to characterize critical
phenomena in PT -symmetric non-unitary quantum dy-
namics, and opens up an avenue toward simulating the
PT -symmetric dynamics in synthetic quantum systems.
Experimental setup:— To simulate the dynamics of a
two-level PT -symmetric system, we encode basis states
in the horizontal and vertical polarizations of a single
photon, with |H〉 = (1, 0)T and |V 〉 = (0, 1)T. We gener-
ate heralded single photons via type-I spontaneous para-
metric downconversion, with one photon serving as a trig-
ger and the other as a signal. The signal photon is then
projected into the initial state |H〉 or |V 〉 with a polar-
izing beam splitter (PBS) and a half-wave plate (HWP),
and is sent to the interferometric network as illustrated
in Fig. 1.
Experimentally, instead of implementing a non-
Hermitian Hamiltonian, we directly realize the time-
evolution operator U at any given time t and access time-
evolved states by enforcing U on the initial state. As
illustrated in Fig. 1, this is achieved by decomposing U
according to
U = R2(θ2, ϕ2)L(θH , θV )R1(θ1, ϕ1), (1)
where the rotation operator Rj(θj , ϕj) (j = 1, 2) is real-
ized using a quarter-wave plate (QWP) at ϕj and a HWP
at θj , and the polarization-dependent loss operator L is
realized by a combination of two beam displacers (BDs)
and two HWPs with setting angles θH and θV [25].
Here, the setting angles {θj , ϕj , θH , θV } of wave plates
are determined numerically for each given time t, such
that U = e−iHˆefft. In our experiment, the effective non-
Hermitian Hamiltonian is given by
Hˆeff = σˆx + ia(σˆz − 1ˆ), (2)
where σˆx(z) are the standard Pauli operators, and 1ˆ is
the identity operator. The non-Hermitian Hamiltonian
Hˆeff possesses passive PT symmetry, which can be easily
mapped to a PT -symmetric Hamiltonian HˆPT with bal-
anced gain and loss, with HˆPT = Hˆeff + ia1ˆ. Here a > 0
controls non-Hermiticity, and the Hamiltonian becomes
Hermitian for a = 0; the system is in the PT -symmetry-
unbroken (-broken) regime for 0 < a < 1 (a > 1), with
the exceptional point located at a = 1.
The non-unitary dynamics of the system is captured
by the time-dependent density matrix [24, 26]
ρ1,2(t) =
e−iHˆPT tρ1,2(0)eiHˆ
†
PT t
Tr
[
e−iHˆPT tρ1,2(0)eiHˆ
†
PT t
] , (3)
with the initial density matrices ρ1(2)(0) =
|H(V )〉〈H(V )|. Note that applying Hˆeff or HˆPT in
Eq. (3) would give the same time-dependent matrices.
Experimentally, we construct the density matrix at
any given time t via quantum-state tomography after
signal photons passed through the interferometric setup.
Essentially, we measure the probabilities of photons in
the bases {|H〉 , |V 〉 , |P+〉 = (|H〉 + |V 〉)/
√
2, |P−〉 =
(|H〉−i |V 〉)/√2} through a combination of QWP, HWP,
and PBS, and then perform a maximum-likelihood esti-
mation of the density matrix. The outputs are recorded
in coincidence with trigger photons. Typical measure-
ments yield a maximum of 18, 000 photon counts over 3
seconds.
Measuring distinguishability:— We characterize infor-
mation flowing into and out of the system via the trace
distance defined by
D [ρ1(t), ρ2(t)] =
1
2
Tr |ρ1(t)− ρ2(t)| , (4)
with |A| =
√
A†A. The trace distance D measures
the distinguishability of the two quantum states char-
acterized by ρ1(t) and ρ2(t). An increase in the distin-
guishability signifies information backflow from the envi-
ronment, whereas a monotonic decrease means unidirec-
tional information flow to the environment [24, 27].
In Fig. 2, we show the time evolution of the distin-
guishability when the system is in the PT -symmetry-
unbroken regime with a < 1. For comparison, we also
show the case of a unitary evolution with a = 0. As
illustrated in Figs. 2(a-c), D(t) oscillates in time when
a < 1, suggesting complete information retrieval with
the initial trace distance fully restored periodically. The
period of the oscillation T , or the recurrence time, in-
creases as the system approaches the exceptional point.
We extract the recurrence time by fitting the experimen-
tal data with a Fourier series. As shown in Fig. 2(d), the
recurrence time agrees well with the analytic expression
T = pi/
√
1− a2 [24]. In the limit  → 0 with  = 1 − a,
the recurrence time should diverge as T ∼ −1/2.
In Fig. 3(a), we show the time evolution of the dis-
tinguishability when the system is in the PT -symmetry-
broken regime with a > 1. Here, the distinguishability
decays exponentially in time. Fitting the experimental
data using D(t) = D(0)e−t/τ , where D(0) is a constant
and τ is the relaxation time, we find that the relaxation
time increases as the system approaches the exceptional
point. As shown in Fig. 3(b), the measured τ agrees ex-
cellently with the analytical result τ = 1/2
√
a2 − 1 [24],
which also diverges with a power-law scaling τ ∼ ||−1/2
as → 0.
Finally, at the exceptional point (a = 1), the distin-
guishability exhibits power-law behavior in the long-time
limit. As illustrated in Fig. 4(a), the long-time behavior
of the distinguishability agrees well with the theoretical
prediction D(t) ∼ t−2 [24]. Importantly, the observed
critical phenomena do not depend on the details of the
system but the order of the exceptional point, which sig-
nifies their universality [21, 22]. We note that the mea-
surement suffers from a relatively larger systematic error
at long times due to the small D(t).
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FIG. 1. Experimental setup. A photon pair is created via spontaneous parametric downconversion (SPDC). One of the photons
serves as a trigger, the other is projected into the polarization state |H〉 or |V 〉 with a polarizing beam splitter (PBS) and a
half-wave plat (HWP), and then goes through various optical elements. Upper layer: the experimental setup for the non-unitary
dynamics of a single-qubit PT -symmetric system. Lower layer: experimental setup for the unitary dynamics of a two-qubit
system, where the two qubits are encoded in polarizational and spatial degrees of freedom. To prepare the initial state of
a two-qubit system, heralded single photons pass through a PBS and a HWP with certain setting angles and are split by a
birefringent calcite beam displacer (BD) into two parallel spatial modes: upper and lower modes. After passing through wave
plates inserted into different spatial modes, the photons are prepared in the state |0¯〉 or |1¯〉 (see the main text for the definition).
We construct the time-dependent density matrices by performing quantum-state tomography for both of these states.
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FIG. 2. Information retrieval in the PT -symmetry-unbroken
regime. (a)-(c) Oscillations of the distinguishability D(t) for
a < 1, and between the two time-evolved states starting from
|H〉 and |V 〉. Dots with error bars represent the experimental
results, while the curves show the theoretical predictions. (d)
Recurrence time T of the distinguishability as a function of
ε = 1− a.
Symmetry and initial states:— Since our experimental
protocol is quite general and capable of implementing a
broad class of non-unitary operators [25], we are able to
investigate the role of symmetry and initial states on the
information flow and critical phenomena. In particular,
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FIG. 3. Unidirectional information flow to the environment
in the PT -symmetry-broken regime. (a) Decay of the dis-
tinguishability in the PT -broken regime with different coeffi-
cients a > 1. (b) Relaxation time τ of the distinguishability
as a function of ε = 1−a. The blue solid curve shows the the-
oretical result τ = 1/2
√
a2 − 1. We readout the experimental
results (dots with error bars) by fitting the experimental data
to an exponential function.
we experimentally simulate non-unitary dynamics gov-
erned by i) HˆT = σˆx + iaσˆy and ii) Hˆ = σˆx + (c+ ia)σˆz.
Whereas HˆT has time-reversal symmetry T HˆT T −1 =
HˆT with complex conjugation T , Hˆ has no relevant sym-
metries for a 6= 0 and c 6= 0.
We first study dynamics under HˆT with different pa-
rameters and initial states (|H〉±|V 〉)/√2. Since eigenen-
ergies of HˆT are given as ±
√
1− a2, the exceptional point
is located at a = 1. As shown in Fig. 4(b), the same crit-
ical phenomena emerge under time-reversal symmetry:
information is retrieved only in the symmetry-unbroken
regime (0 < a < 1) [25], and critical scaling is still
D(t) ∼ t−2. However, when we choose the initial states
4{|H〉 , |V 〉}, the critical scaling at the exceptional point
is now D(t) ∼ t−1, as illustrated in Fig. 4(c). This new
universality arises because |H〉 is one of the eigenstates
of HˆT . We note that the same scaling relation can be re-
alized under HˆPT with the initial states (|H〉±i |V 〉)/
√
2
since (|H〉 − i |V 〉)/√2 is one of the eigenstates of HˆPT .
For the dynamics governed by Hˆ, however, the lack
of symmetry therein prevents the information retrieval
and the distinguishability decays in time just as in the
symmetry-broken cases [25].
PT dynamics embedded in a two-qubit system:— To
unveil the origin of the information retrieval, we embed
the PT dynamics into a larger Hilbert space by introduc-
ing an ancilla as the environment [24, 28]. The combined
two-qubit system is governed by the Hermitian Hamilto-
nian
Hˆtot = 1ˆ
a ⊗ Hˆs + σˆay ⊗ Vˆs, (5)
where 1ˆa and σˆay act on the ancilla; Hˆs and Vˆs act on the
PT -symmetric system with
Hˆs = c
−1
(
HˆPT ηˆ−1 + ηˆHˆPT
)
, (6)
Vˆs = ic
−1
(
HˆPT − Hˆ†PT
)
. (7)
Here, the non-Hermitian Hamiltonian satisfies pseudo-
Hermiticity with ηˆHˆPT = Hˆ
†
PT ηˆ and ηˆ =
1√
1−a2
(
1 −ia
ia 1
)
, where we have c =
∑
j 1/λj with the
eigenvalues λj of ηˆ. Whereas the unitary time evolu-
tion of the two-qubit system is driven by the Hermitian
Hamiltonian Hˆtot, the effective time evolution of the sub-
system is non-unitary and driven by HˆPT under a post-
selection on the ancilla.
Experimentally, the ancillary degrees of freedom are
encoded in two independent spatial modes of the sig-
nal photons {|u〉 , |d〉}. Thus, the bases of two-qubit
states can be written as {|u〉 |H〉 = (1, 0, 0, 0)T, |u〉 |V 〉 =
(0, 1, 0, 0)T, |d〉 |H〉 = (0, 0, 1, 0)T, |d〉 |V 〉 = (0, 0, 0, 1)T}.
The unitary operator Utot can be decomposed into [29–
32]
Utot =
(
U5 0
0 U6
)
G2
(
U3 0
0 U4
)
G1
(
U1 0
0 U2
)
, (8)
where Uj (j = 1, · · · , 6) are unitary single-qubit rotation
operators, andG1 andG2 are two-qubit operators. While
Uj is implemented using a set of sandwiched wave plates
with the configuration QWP (at φ˜j )-HWP (at θ˜j)-QWP
(at ν˜j), G1 and G2 are realized via a combination of
BDs and HWPs with setting angles δj (j = 1, .., 8) as
illustrated in Fig. 1 [25]. Similar to the single-qubit case,
these setting angles are determined numerically to ensure
that Eq. (8) yields the correct time evolution operator
Utot = e
−iHˆtott.
We then construct the final state at any given
time t through quantum-state tomography. This is
achieved through measurements of probabilities of pho-
tons in 16 bases given by {|u〉 , |d〉 , |S+〉 , |S−〉} ⊗
{|H〉 , |V 〉 , |P+〉 , |P−〉} with |S+〉 = (|u〉 + |d〉)/
√
2, and
|S−〉 = (|u〉− i |d〉)/
√
2. From the measured correlations,
we calculate density matrices of the system and the an-
cilla from
ρsj(t) = Tra
[
ρtotj (t)
]
, ρaj (t) = Trs
[
ρtotj (t)
]
(j = 1, 2).
(9)
On the other hand, the density matrix of the PT -
symmetric system is
ρPTj (t) = N Tra
[(|u〉 〈u| ⊗ 1ˆ) ρtotj (t)(|u〉 〈u| ⊗ 1ˆ)†] ,
(10)
with a normalization constant N .
For comparison with the single-qubit case, we cal-
culate the distinguishability between two time-evolved
states ρPT1 (t) and ρ
PT
2 (t). We choose the initial states as
|0¯〉 ∝ |u〉 |H〉+ |d〉⊗ ηˆ |H〉 and |1¯〉 ∝ |u〉 |V 〉+ |d〉⊗ ηˆ |V 〉.
As illustrated in Fig. 5(a), the information retrieval can
be observed in the PT -symmetric system.
Importantly, the existence of a hidden entangled part-
ner behind the information retrieval is revealed through
the entanglement entropy between the system and the an-
cilla. The time-dependent entanglement entropy between
the PT -symmetric system and its ancilla are calculated
as
Ssj(t) = −Tr
[
ρsj(t) log ρ
s
j(t)
]
. (11)
In Fig. 5(b), we show the experimental results of the en-
tanglement entropy for the two different initial states.
The entanglement entropy oscillates with half the period
of that of the distinguishability, which is consistent with
the theoretical predictions [24] and confirms the exchange
of quantum information between the system and the en-
vironment during the PT dynamics.
Conclusion:— We have experimentally simulated PT -
symmetric quantum dynamics using single-photon inter-
ferometric networks. Enforcing non-unitary gate opera-
tions on photons and performing quantum-state tomog-
raphy, we have reconstructed a time-dependent density
matrix of the PT dynamics at arbitrary times. This en-
ables us to characterize critical phenomena close to the
PT -transition point and reveal a hidden entanglement
partner in the environment. Our work is the first ex-
perimental demonstration of critical phenomena in PT -
symmetric non-unitary quantum dynamics. We expect
that critical phenomena associated with higher-order ex-
ceptional points can also be probed using a similar ap-
proach.
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7Supplemental Material for “Observation of critical phenomena in parity-time-symmetric quantum dynamics”
Experimental implementation of non-unitary dynamics
As illustrated in Fig. S1, we experimentally implement single-qubit non-unitary operators by realizing
U = R2(ϕ8, θ2, ϕ7)L(ϕ6, θH , ϕ5, ϕ4, θV , ϕ3)R1(ϕ2, θ1, ϕ1). (S1)
Here, the rotation operators
R1(ϕ2, θ1, ϕ1) = RQWP(ϕ2)RHWP(θ1)RQWP(ϕ1), (S2)
R2(ϕ8, θ2, ϕ7) = RQWP(ϕ8)RHWP(θ2)RQWP(ϕ7)
are realized by a set of sandwich-type wave plates including two quarter-wave plates (QWPs)
RQWP(ϕj) =
(
cosϕ2j + i sinϕ
2
j (1− i) sinϕj cosϕj
(1− i) sinϕj cosϕj sinϕ2j + i cosϕ2j
)
, (S3)
and a half-wave plate (HWP)
RHWP(θj) =
(
cos 2θj sin 2θj
sin 2θj − cos 2θj
)
, (S4)
where θj and ϕj are tunable setting angles.
Non-unitarity is introduced through the loss operator L which transmits photons with polarization-dependent
transmissivity while flipping their polarizations at the same time. The loss operator is given by
L(ϕ6, θH , ϕ5, ϕ4, θV , ϕ3) =
(
0 ξ
η 0
)
, (S5)
where
ξ =
1
2
[i sin 2θV − sin 2(θV − ϕ3) + sin 2(θV − ϕ4) + i sin 2(θV − ϕ3 − ϕ4)] , (S6)
η =
1
2
[i sin 2θH + sin 2(θH − ϕ5)− sin 2(θH − ϕ6) + i sin 2(θH − ϕ5 − ϕ6)] . (S7)
In our experiment, we use two beam displacers (BDs) and two sets of wave plates (QWP-HWP-QWP) to implement L.
The optical axes of BDs are cut so that the vertically polarized photons are transmitted directly and the horizontally
polarized photons are displaced into a neighboring spatial mode. Between the two BDs, two sets of wave plates
(QWP-HWP-QWP) are inserted into the upper and lower spatial modes and enforce rotations R on the polarization
states. Horizontally polarized photons in the upper spatial mode and vertically polarized photons in the lower mode
are then combined and transmitted through the second BD, while the other photons are discarded and lost from the
system. This procedure gives the required polarization-dependent photon loss. Note that by tuning the setting angles
of the wave plates, we can realize a wide spectrum of non-unitary operators, as detailed below.
To implement a single-qubit non-unitary operator U =
(
Aeiα Beiβ
Ceiγ Deiη
)
, we numerically determine the setting angles
of the wave plates. For this setup, there are a total of 12 parameters which can be controlled independently. For an
arbitrary 2× 2 matrix U , there are at most 8 independent parameters. Therefore, in principle, we can use this setup
to simulate an arbitrary single-qubit non-unitary operation.
Specifically, for the dynamics of the parity-time (PT )-symmetric system, the time-reversal-symmetric system,
and the non-Hermitian system without symmetry, we need to simulate the non-unitary operations with only a few
independent parameters. For example, with four QWPs (at ϕ3, ϕ4, ϕ5, and ϕ6) between the BDs, the matrix is
simplified as
U = R2(ϕ8, θ2, ϕ7)L(θH , θV )R1(ϕ2, θ1, ϕ1), (S8)
where L(θH , θV ) =
(
0 sin 2θV
sin 2θH 0
)
. Furthermore, with the setting angle ϕ2 = 0 fixed, we obtain U =(
Aeiα Beiβ
Beiβ Deiη
)
with 5 independent parameters. With θH = −θV , the single-qubit non-unitary operator is U =
8R1 R2L
φ1 φ2
φ3 φ4
φ5 φ6
φ7 φ8
1θ
2θ
Vθ
Hθ
Half-wave plate
Quarter-wave plate
Beam displacer
FIG. S1. Experimental setup to realize a generic class of single-qubit non-unitary operators.
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FIG. S2. (a) Distinguishability D(t) of the time-reversal-symmetric system governed by HˆT with initial states (|H〉± |V 〉)/
√
2.
(b) Distinguishability D(t) under HˆT with initial states {|H〉 , |V 〉}. The distinction between (a) and (b) demonstrates the
dependence of the critical phenomena on initial states. (c) Decay of D(t) of the non-Hermitian system governed by Hˆ (without
symmetry) for the two different coefficients with the initial states {|H〉 , |V 〉}.
(
Aeiα Beiβ
Be−iβ Deiη
)
, where A, B, D, α, β, and η are real and independent of each other. With this simplified setup, we
can simulate the non-unitary dynamics without symmetry governed by the Hamiltonian Hˆ = σˆx + (c + ia)σˆz in the
main text.
If we further remove the two QWPs (at ϕ2 and ϕ8), the matrix in Eq. (S1) becomes
U = RHWP(θ2)RQWP(ϕ7)L(θH , θV )RHWP(θ1)RQWP(ϕ1). (S9)
With ϕ1 = 0, θ1 = θ2 + pi/4, and ϕ7 = 2θ2, the single-qubit non-unitary operator is U =
(
A iB
iB D
)
. With this
simplified setup, we can simulate the non-unitary dynamics with both PT -symmetric Hamiltonian HˆPT = σˆx + iaσˆz
and time-reversal-symmetric Hamiltonian HˆT = σˆx + iaσˆy.
Other symmetries and initial states
In this section, we present more details on the non-unitary dynamics driven by the Hamiltonians HˆT = σˆx + iaσˆy
and Hˆ = σˆx+(c+ ia)σˆz, and with different initial states. Here HˆT has time-reversal symmetry and Hˆ has no relevant
symmetries.
As shown in Figs. S2(a) and (b), under HˆT , information is retrieved only in the symmetry-unbroken regime
(0 < a < 1), whereas the period of oscillations in D(t) shows initial-state dependence. The critical scalings at
the exceptional point are also different for different initial states, as demonstrated in Figs. 4(b) and (c) of the main
text.
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FIG. S3. Oscillations of the quantum mutual information Ij(t) between the system and the ancilla with a = 0.5.
For comparison, we show in Fig. S2(c) the dynamics under Hˆ, where the lack of symmetry prevents the information
retrieval and the distinguishability decays in time just as in the symmetry-broken cases.
Experimental implementation of two-qubit evolution
We embed a PT -symmetric system into a larger Hermitian system Hˆtot as shown in the main text. Under Hˆtot,
the two-qubit state is given by
|Ψtot(t)〉 = |0〉 ⊗ |ψPT (t)〉+ |1〉 ⊗ ηˆ |ψPT (t)〉 . (S10)
Enforcing a post-selected measurement on the ancilla with |0〉, we obtain the state |ψPT (t)〉 which is driven by HˆPT .
As discussed in the main text, we encode the ancilla in the spatial modes of the signal photon. The bases of the
two-qubit states are {|u〉 |H〉 = (1, 0, 0, 0)T, |u〉 |V 〉 = (0, 1, 0, 0)T, |d〉 |H〉 = (0, 0, 1, 0)T, |d〉 |V 〉 = (0, 0, 0, 1)T}, where
|u〉 and |d〉 denote the upper and lower spatial modes, respectively. The unitary operator Utot can be decomposed
into [29–32]
Utot =
(
U5 0
0 U6
)
G2
(
U3 0
0 U4
)
G1
(
U1 0
0 U2
)
, (S11)
where Uj (j = 1, · · · , 6) is a unitary single-qubit rotation with
Uj = RQWP(ν˜j)RHWP(θ˜j)RQWP(φ˜j), (S12)
and G1 and G2 are two-qubit operations with
G1 =

0 − sin 2δ31 0 0
sin 2δ41 0 0 cos 2δ41
cos 2δ41 0 0 − sin 2δ41
0 0 sin 2δ42 0
 , (S13)
G2 =

0 − sin 2δ75 0 0
sin 2δ85 0 0 cos 2δ85
cos 2δ85 0 0 − sin 2δ85
0 0 sin 2δ86 0
 . (S14)
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Here, we have δjk = δj − δk and sin 2δ31 = sin 2δ42 = 1. Note that the setting angles δ, θ˜, φ˜, and ν˜ are determined
numerically so that the decomposition in Eq. (S11) holds.
The two-qubit operation
(
Uj 0
0 Uj+1
)
can be written as |u〉 〈u| ⊗ Uj + |d〉 〈d| ⊗ Uj+1 and realized by a single-qubit
rotation Uj (Uj+1) of the polarization states of photons in the upper (lower) mode. Here G1 is given as a single-
qubit rotation
(
cos 2δ41 − sin 2δ41
sin 2δ41 cos 2δ41
)
on the basis state {|u〉 |H〉 , |d〉 |V 〉}, and
(
0 −1
1 0
)
on {|u〉 |V 〉 , |d〉 |H〉}. These
operations can be implemented by two BDs and four HWPs. The BDs split and combine the photons into designated
spatial modes depending on their polarizations, and the HWPs implement single-qubit rotations. Moreover, G2 can
be implemented in a similar fashion.
Experimental results of the quantum mutual information
As a further evidence for the exchange of quantum information between the system and the environment, we show
in Fig. S3 experimental results of the quantum mutual information between the system and the ancilla. The quantum
mutual information is defined as
Ij(t) = S
s
j(t) + S
a
j (t)− Stotj (t), (j = 1, 2) (S15)
with Saj = −Tr
[
ρaj (t) log ρ
a
j (t)
]
and Stotj = −Tr
[
ρtotj (t) log ρ
tot
j (t)
]
. Here I1(t) (I2(t)) is the quantum mutual infor-
mation for the quantum dynamics starting from the initial state |0¯〉 (|1¯〉). As shown in Fig. S3, the quantum mutual
information also oscillates with the period pi/(2
√
1− a2), which is the same as that of the entanglement entropy and
one-half of that of the quantum-state distinguishability.
